Stephen J. Elledge, 4, 5 Nikola P. Pavletich 1 * DNA interstrand cross-links (ICLs) are highly toxic lesions associated with cancer and degenerative diseases. ICLs can be repaired by the Fanconi anemia (FA) pathway and through FA-independent processes involving the FAN1 nuclease. In this work, FAN1-DNA crystal structures and biochemical data reveal that human FAN1 cleaves DNA successively at every third nucleotide. In vitro, this exonuclease mechanism allows FAN1 to excise an ICL from one strand through flanking incisions. DNA access requires a 5′-terminal phosphate anchor at a nick or a 1-or 2-nucleotide flap and is augmented by a 3′ flap, suggesting that FAN1 action is coupled to DNA synthesis or recombination. FAN1's mechanism of ICL excision is well suited for processing other localized DNA adducts as well.
D
NA interstrand cross-links (ICLs) covalently link together the two strands of the double helix (1) . ICLs can be repaired by the Fanconi anemia (FA) pathway of proteins mutated in the FA cancer predisposition syndrome (2) and also by FA-independent processes (1, 3, 4) . The FA pathway is activated when a replication fork stalls upon encountering an ICL, leading to unhooking of the ICL through flanking incisions on one strand, translesion DNA synthesis across the unhooked ICL, removal of the ICL remnants by additional incisions, and homologous recombination (2, 5) . The FAN1 nuclease (6-9) is a candidate for mediating FA-independent repair (1, 3, 4) . Although FAN1 mutations result in defective ICL repair, chromosomal instability, and hypersensitivity to a wide range of ICL-inducing agents (6-13), they do not cause FA (10) (11) (12) . Instead, they cause a kidney degeneration disorder known as karyomegalic interstitial nephritis (11) . FAN1 cleaves branched DNA structures with a preference for 5′-flap substrates and also exhibits 5′-to 3′-exonuclease activity on a variety of double-stranded DNA (dsDNA) and single-stranded DNA (ssDNA) substrates (6) (7) (8) (9) . The functional implications of these broadly defined activities, whether FAN1 processes ICLs directly and in which manner, and the structural mechanism of ICL unhooking by nucleases are unknown.
To address these questions, we first investigated FAN1's DNA binding specificity for various lengths of 5′ flaps consisting of thymidine nucleotides (see supplementary materials and methods). We found that FAN1 exhibits specificity for a 5′ phosphate group at a flap of 1 to 2 nucleotides (nts) or at a nick, with dissociation constants (K d ) of 10.3 nM for the 1-nt flap (5′pT 1 ), 121 nM for 2 nts (5′pT 2 ), and 182 nM for the nick (pNi) (fig. S1A ). The corresponding substrates lacking the 5′ phosphate group fail to bind appreciably until micromolar FAN1 concentrations ( fig. S1A) . Similarly, increasing the flap length beyond 2 nts reduces FAN1 affinity substantially ( fig. S1A ). We also tested the effect of adding a 3′ flap of eight thymidine nucleotides to the highaffinity 5′pT 1 (5′pT 1 /3′T 8 ), 5′pT 2 (5′pT 2 /3′T 8 ), and 5′pNi (5′pNi /3′T 8 ) and found that this increased their FAN1 affinity by a factor of~25 to~180 (K d values of 0.4, 1.4, and 1.0 nM, respectively) ( fig. S1B ). By contrast, adding a 3′T 8 flap to the low-affinity 5′pT 8 (5′pT 8 /3′T 8 ) minimally enhanced its affinity, with the resulting 377 nM K d a factor of~1000 weaker than that of 5′pT 1 /3′T 8 ( fig. S1B ).
Based on these findings, we determined the 2.9 Å structure of a 5′pG 1 /3′T 4 DNA bound to human FAN1 (residues 364 to 1017), N-terminally truncated to remove the ubiquitin-binding UBZ domain and subsequent unstructured segment, as well as the structure of apo-FAN1 ( fig. S2A and table S1). FAN1 has a bilobal structure consisting of a 223-residue N-terminal domain (NTD) and a 415-residue C-terminal domain (CTD) that contains the PD-(D/E)XK nuclease motif (Fig. 1, A and B). The DNA adopts a V-shaped structure, with a kink at the nick. The prenick and postnick duplexes have an overall B-form DNA (B-DNA) conformation, with a 76°angle between them. The prenick duplex and 3′ flap are bound by the NTD, whereas the 5′ flap and postnick duplex are bound by the CTD. There are no major conformational changes between the apo-and DNAbound FAN1 structures ( fig. S2B ).
The NTD consists of a helical domain, a wingedhelix DNA binding domain, and the predicted SAP domain (Fig. 1C ). These form a continuous surface that binds to a 9-base pair duplex segment leading to the 3′ flap and to a 2-nt segment of the flap (Fig. 1A and fig. S3 , A to D). The duplex contacts involve only phosphodiester groups ( fig. S3 , A to D), except for the flap-proximal base pair, which is contacted at both its phosphodiester and base groups ( Fig. 2A) . These base contacts block the DNA from extending as a regularly stacked duplex, analogous to the helix-breaking wedges observed with other structure-specific nucleases (14, 15) .
Only the first two nucleotides of the 3′T 4 flap are ordered. These extend away from the duplex and are bound by FAN1 ( Fig. 2A) of the second nucleotide binds to a pocket at the N terminus of an a helix and hydrogen bonds to a backbone amide group (Tyr 374 ) in a partially buried environment. These 3′-flap contacts are consistent with the addition of a single-nucleotide 3′ flap to 5′pT 1 resulting in roughly half of the affinity increase of an 8-nt flap (for 5′pT 1 
The CTD starts with a 180-residue helical repeat domain that belongs to the tetratricopeptide repeat (TPR) family, followed by a nuclease domain that has the~120-residue abbbab fold of the PD-(D/E)XK superfamily of Mg 2+ -dependent nucleases (16, 17) but that additionally contains a 125-residue helical insertion (Fig. 1C) . The CTD has a wide and deep groove, with the TPR domain on one side and the nuclease and insertion domains on the other, into which the postnick duplex binds (Fig. 1B) . FAN1 contacts the 5′ phosphate group of the flap and eight phosphodiester groups clustered at the flap-distal portion of the duplex (Fig. 2B) . The backbone of the 1-nt flap extends orthogonally from the duplex. The 5′ phosphate group abuts a highly basic pocket at the bottom of the CTD groove, with its three nonbridging oxygen atoms hydrogen bonding with the side chains of Arg S4B ). After the 5′ phosphate group, the next two phosphodiester groups make relatively few contacts, whereas a nonbridging oxygen of the third phosphodiester group coordinates the Ca 2+ ion at the nuclease active site (Fig. 2D) .
The Ca 2+ ion, which does not support nuclease activity (18) , has a coordination shell similar to other nucleases (17, 18) (fig. S4, C to E) . This indicates that cleavage occurs at the third phosphodiester group from the 5′ phosphate (hereafter "+3 register") and results in a 5′ phosphorylated product, both of which we confirmed by liquid chromatography-coupled mass spectroscopy (LC-MS) of a nuclease reaction.
In additional cocrystal structures that we determined (table S1 and fig. S5A ), the 5′ phosphate groups of 5′pT 1 /3′T 8 , 5′pT 1 , and 5′pNi bind to the same FAN1 pocket and contact the same four side chains as in the 5′pG 1 /3′T 4 structure ( fig. S5, A and C) . By contrast, the pocket is devoid of DNA in the cocrystal structure of the 5′-hydroxyl 5′T 2 , consistent with FAN1's specificity for a terminal phosphate. The 5′pT 1 /3′T 8 , 5′pT 1 , and 5′pNi structures also suggest some inherent flexibility in the register of the scissile phosphate relative to the 5′ phosphate group. In the 5′pT 1 /3′T 8 and 5′pT 1 structures, an extra nucleotide is extruded out in a loop as the 5′-flap backbone transitions to the duplex, resulting in an na+4 scissile phosphate register ( fig. S5, B and C) . In the 5′pNi structure, a shifted trajectory for the duplex results in a +2 register ( fig. S5, C and D) .
The importance of a 5′ phosphate group on a short flap or nick is recapitulated in FAN1 nuclease assays. In the presence of 150 mM NaCl and with 100 nM substrate, 5′pT 1 /3′T 8 , pNi/3′T 8 , and 5′pT 2 /3′T 8 are cleaved starting with 0.1 nM FAN1, whereas the longer 5′-flap 5′pT 8 /3′T 8 substrate is not noticeably cleaved even with 100 nM FAN1 (Fig. 3A and fig. S6 ). 5′pT 8 still substantially lower than that of 5′pT 1 /3′T 8 ( Fig. 3A and fig S6) .
The +3 scissile phosphate register suggests that FAN1's reported 5′-to 3′-exonuclease activity results from successive incisions releasing 3-nt fragments. In the time course of a 1 nM stoichiometric FAN1-5′pT 1 /3′T 8 reaction, an 18-nt product corresponding to a +3 incision appears first, its level peaking at 8 min and then declining as it gets consumed (Fig. 3B) . A 15-nt product (two +3 incisions) appears second and peaks at 16 to 32 min, whereas a 12-nt product (third incision) appears last. The 5′pNi/3′T 8 substrate produces a similar pattern of sequential cuts with a major +3 spacing (Fig. 3B) . Minor products corresponding to +4 and +2 incisions probably reflect the alternate scissile phosphate registers of the 5′ pT 1 /3′T 8 and 5′pNi cocrystal structures, respectively ( fig. S5C) .
Successive incisions do not occur in a detectably processive manner ( fig. S7A ) but meet the criteria of a distributive activity. FAN1 binds to a 3-nt gap substrate (pGap 3 /3′T 8 ), which corresponds to the first incision product of 5′pNi/3′T 8 [K d = 3.6 nM, compared with 1.0 nM for 5′pNi/3′ T 8 ( fig. S7B)] , and also cleaves this substrate to generate products equivalent to the second and third products of pNi/3′T 8 (Fig. 3C) . To determine the effect of increasing gap length, we assayed a 5′pT 1 /3′T 8 substrate containing a long, 35-base pair postnick duplex. The sequential incisions stalled after four cuts even in a 100 nM stoichiometric reaction ( fig. S7C ), suggesting that a gap length beyond~12 nts of ssDNA, which presumably loops out at the NTD-CTD interface, substantially reduces FAN1 binding efficiency. In vivo, the stalling could be inconsequential if FAN1 acts at a site with a complementary 3′ flap or in cooperation with a distributive polymerase, either of which can close the emergent gap and restore high-affinity binding.
The +3 exonuclease mechanism is well suited for unhooking an ICL through two successive flanking incisions. To test this, we synthesized a stable ICL consisting of two cytosines linked at their N4 positions through a triazole moiety (19) (Fig. 4A and fig. S8 ). We first assayed a triazole ICL with the cross-linked cytosine positioned 6 nts after the 5′ phosphorylated nick of a 5′pNi/3′T 8 substrate (ICL-6). In a 1 nM stoichiometric reaction, FAN1 robustly cleaved past the ICL, giving rise to post-ICL products that match those of the unmodified control substrate (Crl-6) with similar rates (Fig. 4, B and C) . By LC-MS analysis of the 64-min reaction, we confirmed that this is due to dual incisions 5′ and 3′ to the ICL. Our LC-MS analysis identified a major molecular species (37% of the LC-ultraviolet quantitation) (table S2) consisting of the continuous strand, the triazole linkage, and a 3-nt fragment of Cyt, Gua, and Thy (11653.995 and 11653.387 daltons, respectively, for the observed and calculated molecular weight) (table S2). The ICL-6 products ( Fig. 4D ) also demonstrate that FAN1 can cleave immediately 5′ to the ICL, with the 5′ phosphodiester group of the cross-linked cytosine at the scissile position.
We next addressed whether FAN1 can unhook the triazole ICL, irrespective of its register relative to the 5′ phosphate group. For this, we tested ICLs with the cross-linked cytosine positioned 5, 4, or 3 nts after the 5′ phosphorylated nick (ICL-5, ICL-4, and ICL-3. respectively). FAN1 unhooked ICL-4 and ICL-3 at faster rates compared with ICL-6, consistent with this requiring only two incisions compared with three, whereas the rate of ICL-5 unhooking was intermediate (Fig. 4, B to D) . LC-MS and denaturing polyacrylamide gel electrophoresis (PAGE) of the ICL-5 reaction also indicated that FAN1 can cleave immediately 3′ to the ICL (Fig. 4 , B to D, and table S2).
Diverse ICLs can cause a wide range of DNA structure distortions, but these are mostly limited to one or two base pairs flanking the lesion (20) . The structurally and biochemically observed T1-nt shifts in the scissile phosphate register, coupled to the paucity of FAN1-DNA contacts in the immediate vicinity of the scissile phosphate group, suggest that the FAN1 active site may have substantial flexibility for accommodating such distortions. Our DNA binding and cleaving data strongly suggest that FAN1 acts at sites that have a 5′ phosphate group on a short flap or nick, possibly generated by an upstream nuclease. Such sites may also arise from the regression of longer 5′ phosphorylated flaps with the concomitant generation of a complementary 3′ flap. If FAN1 accesses the DNA at such a site, it can keep excising with 3′-flap annealing until it reaches and unhooks the ICL.
